BACKGROUND: Several studies have documented that physical examination knowledge and skills are limited among medical trainees.
INTRODUCTION
Knowledge of the physical examination is a critical component of developing effective physical examination skills and of becoming a competent physician. Even so, several studies have documented that physical examination knowledge and skills are quite limited among medical trainees. [1] [2] [3] [4] [5] For example, when over 500 medical students and residents were asked to identify 12 cardiac auscultatory findings, trainees recognized only 20% of the findings, and the number of correct identifications improved little with year of training. 2 Even though these residents had almost certainly received prior training on how to recognize heart sounds, the trainees did not effectively learn from this prior training and/ or did not retain this learning over the course of their training. The 'spacing effect' has demonstrated promise as a method to improve the acquisition and retention of learning. [6] [7] [8] The spacing effect is the psychological finding that educational encounters that are spaced and repeated over time (spaced distribution) result in more efficient learning and improved learning retention, compared to massed distribution of the educational encounters (bolus education). [6] [7] [8] This psychological finding has direct application to medical training. For example, a recent randomized trial compared massed (1 day) versus distributed (weekly) training of surgical residents in microvascular anastomosis skills. Those residents in the weekly training sessions had significantly greater skill retention and were better able to apply these skills on a live, anesthetized rat model. 9 A distinct neurophysiologic basis for the spacing effect has been identified. A recent study demonstrated that spaced learning by rats improves neuronal longevity in the hippocampus and that the strength of the rats' memories correlates with the number of new cells in this region of their brains.
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'Spaced education' refers to online educational programs that are structured to take advantage of the pedagogical benefits of the 'spacing effect'. 6, 7 We recently completed a randomized trial of spaced education using daily noninteractive (static) e-mails to 537 urology residents in the United States and Canada. 11 In this trial, residents received in-service examination study questions (1) in a bolus format 6 months before their in-service examination or (2) in a spaced-education format consisting of daily e-mails of 1-2 study questions over these 6 months. On a validated test administered at staggered time points to both groups, the spaced-education cohort demonstrated significantly greater knowledge acquisition and retention than those in the bolus cohort. 11 Of note, acceptance of the program was excellent, with 95% requesting to participate the following year. The 'testing effect' also holds promise as a means to bolster retention of learning. Studied since the early 20th century, the testing effect refers to the psychological finding that initial testing of learned material does not serve merely to evaluate a student's performance, but actually alters the learning process itself to significantly improve retention. 12, 13 The impact of the testing effect was recently demonstrated in a study of 120 college students. Those students who studied a prose passage for 7 minutes and then were immediately tested on the passage over 7 minutes had significantly better retention of the material 1 week later, compared to those students who spent 14 minutes studying the prose in the absence of testing.
14 Interactive spaced-education (ISE) combines the pedagogical merits of both the 'spacing effect' and the 'testing effect.' Instead of delivering static educational material, our new ISE system repeatedly tests and educates students on curricular material over spaced intervals via e-mail. We investigated whether an online ISE program administered concurrently with a year-long physical examination course could improve medical trainees' knowledge of the physical examination.
METHODS

Study Participants
All 170 second-year students enrolled in the Patient-Doctor 2 (PD2; Introduction to Clinical Medicine) course at Harvard Medical School were eligible to enroll in the study. Students were recruited via e-mail announcement in October 2006. Participation was voluntary. There were no exclusion criteria. Faculties at all institutions were blinded to student participation and cohort assignment. Institutional review board approval at Harvard Medical School was obtained.
Development and Validation of the Spaced-Education Materials
Each spaced-education item consists of an evaluative component (a multiple choice question based on a clinical scenario) and an educational component (the answer and explanation). Seventy-seven questions were constructed by PNS and BPK in core physical examination topics areas within the PD2 course. The items were independently content-validated by two PD2 faculty content experts. Seven questions were eliminated due to limited validity, and the remaining 70 questions were divided into two tests which were pilot-tested online by 31 and 32 unique third-year student volunteers. Psychometric analysis of the questions was performed using the Integrity test analysis software (http://integrity.castlerockresearch. com; Edmonton, Alberta, Canada). Based on item difficulty, point-biserial correlation, and Kuder-Richardson 20 score, 36 of the questions were selected for inclusion in the ISE program. Six questions were selected from each of 6 core physical examination domains: head/neck, nerves, heart/vessels, thorax/lungs, abdomen/pelvis, and muscles/bones. The educational components of these 36 spaced-education items were then constructed by PNS, and content-validated by BPK and the two PD2 faculty content experts.
Interactive Spaced-Education Online Delivery System
These spaced-education items were delivered to the students via a new interactive spaced-education online delivery system developed in collaboration with the programmers at the Harvard Medical School Center for Educational Technology. With this new system, students receive spaced-education e-mails at designated time intervals which contain a clinical scenario and question (evaluative component). Upon clicking on a hyperlink in this e-mail, a web-page opens which displays pertinent images and allows the student to submit an answer to the question. Upon downloading this answer to a central server, students are then immediately presented with a webpage displaying the correct answer to the question and an explanation of the curricular learning point (the educational component). By having the provider submit a response before receiving the correct answer and an explanation, this process requires greater interactivity, which educational theory argues may improve learning outcomes. The submitted answers of students were recorded using the MyCourses™ web-based education platform.
Survey Development and Administration
The short answer and Likert-type questions on the end-ofprogram survey were developed by BPK and content-validated by PNS. Students were asked if they would recommend this spaced-education program to PD2 students next year (yes/no) and whether they would want to participate if similar spacededucation programs on other clinical topics were offered during their ward rotations (yes/no). In addition, students were asked how long each spaced-education e-mail took to complete, what would be the optimal number of e-mails they would want to receive each week, and what would be the optimal number of cycles (repetitions) for the program. On a Likert-type scale, they were also asked to rate the educational effectiveness of the spaced-education program. The survey was constructed and administered online using the SurveyMonkey web-based platform (www.surveymonkey.com; Portland, OR).
Study Design and Organization
This randomized controlled trial was conducted from November 2006 to June 2007. During this time, all enrolled students participated in the year-long Patient-Doctor 2 physical examination course. The students were assigned to 1 of 9 clinical sites where they attended weekly/biweekly 4-to 8-hour sessions. The course was structured to improve students' knowledge of the physical examination through didactic sessions and to allow students to practice and develop their physical examination skills on patients.
Enrolled students were stratified by clinical site and block randomized (block size= 4) to one of two starting dates. Students in cohort A started the program on November 6, 2006, while students in cohort B started the program 12 weeks later on January 27, 2007. To take advantage of the educational merits of the spacing effect, the educational material for each cohort was distributed in 3 6-week cycles or repetitions (Fig. 1) . During each cycle, students would be sent a daily (Monday-Saturday) interactive spaced-education e-mail, each of which contained a single question. The identical educational material was repeated in each subsequent cycle. For example, the first spaced-education item in cycle 1 was presented in week 1, presented again in week 7 (as a 6-week cycled review), and presented for a final time in week 13 (as a 12-week cycled review). It has been our experience from other trials that the repetition is not considered burdensome, but rather is seen by the participants as a means to test and reinforce their prior learning 11, 15 Over each 6-week cycle, students would be sent 36 spaced-education e-mails. The entire ISE program ran 18 weeks for students in both cohorts. In an ISE program such as this, evaluation and education are inextricably linked due to the question-answer format of the material. The 12-week delay in the start of the program for cohort B allows these students to act as a control group for cohort A: the learning gains of students who completed 2 cycles of the ISE program in addition to the PD2 course (cohort A) could be compared to those students who only received the PD2 course (cohort B/ controls). Thus, this trial structure controls for students' learning from the PD2 course and allows the specific learning gains from ISE to be identified. While this structure enables us to assess the educational efficacy of only two ISE cycles across cohorts (not all three), it allows all of the students in the trial to receive the ISE program. The end-of-program survey was administered via e-mail to students in each cohort upon completion of cycle 3 (Fig. 1) . Upon survey completion and submission of answers to >90% of the spaced-educational e-mails, students received a $25 gift certificate to an online bookstore.
Outcome Measures
The primary outcome measure was the difference in physical examination knowledge over the same 6-week period (January 27-March 10, 2007) between students who had received 2 cycles of the ISE program (cohort A) and students who had received no prior spaced education (cohort B). The secondary outcome measure was the acceptability of the ISE program to the students. An exploratory analysis was performed to determine the degree to which students who answered a spaced-education item incorrectly in cycle 1 were remediated in cycles 2 and 3 (remedial efficacy).
Statistical Analysis
Students were defined as discontinuing participation if they submitted answers to <80% of spaced-education items. Scores for each cycle were calculated as the number of spaced-education items answered correctly normalized to a percentage scale. An intention-to-treat analysis was performed by including all students for whom baseline data was available (those students who completed the ≥80% of items in cycle 1). Percentage scores in cycle 1 were carried forward, if needed, to impute any missing scores from cycles 2 and/or 3. This conservative approach fixed all interval gains in knowledge at zero for those students who did not complete ≥80% of questions in cycles 2 and/or 3. A perprotocol analysis was also performed using the data from students who completed ≥80% of items in all three cycles. Twotailed t tests were used to test the statistical significant differences in scores between cycles. Intervention effect sizes for learning were measured by means of Cohen's d. 16 Cohen's d expresses the difference between the means in terms of SD units, with 0.2 generally considered as a small effect, 0.5 as a moderate effect, and 0.8 (and above) as a large effect. 17 Remedial efficacy of the ISE program for both cohorts combined was calculated by first identifying, for each question in cycle 1, those students in the per-protocol dataset who answered that question incorrectly. For these students, their average percentage of correct answers was determined for this same question in cycles 2 and 3. These percentage scores were then averaged for all of the questions in a cycle. Statistical calculations were performed with SPSS for Windows 13.0 (Chicago, IL, USA).
RESULTS
One hundred twenty of the 170 students in the PD2 course enrolled in the trial. The baseline demographic characteristics of the randomized students were similar between cohorts (data Figure 1 . Structure of the randomized controlled trial. To take advantage of the educational merits of the spacing effect, the educational material for each cohort was distributed in three 6-week cycles or repetitions. During each cycle, students were sent a daily (MondaySaturday) interactive spaced-education e-mail. The 12-week delay in the start of the program for cohort B allowed these students to act as a control group for cohort A: the learning gains of students who had completed 2 cycles of the ISE program in addition to the PD2 course (cohort A) were compared to those students who had only received the PD2 course (cohort B/controls). Thus, this trial structure controlled for students' learning from the PD2 course and allowed the specific learning gains from ISE to be identified.
not shown). Cycles 1, 2, and 3 were completed by 88% (106 of 120), 76% (91 of 120), and 71% (85 of 120) students, respectively (Fig. 2) . Attrition was similar between cohorts.
Under an intent-to-treat analysis of data from both cohorts combined, the ISE program caused students' baseline scores to increase from a mean 57.9% (SD 10.7) in cycle 1 to 74.4% (SD 13.9) in cycle 3 (P<.001), representing a 28.6% relative score increase and a Cohen's effect size of 1.54. Average Cronbach alpha reliability of the 36-item cycles was 0.66 (range 0.47-0.74); with all three cycles combined (108 items), the average reliability rose to 0.86. For our primary outcome measure, the cycle 3 scores for the students in cohort A [mean 74.0 (SD 13.5)] were significantly higher than the cycle 1 scores for the students in cohort B [controls; mean 59.0 (SD 10.5); P<.001], corresponding to a Cohen's effect size of 1.43 (Fig. 3) . The per-protocol analyses yielded similar results.
Of those aggregated students from both cohorts who answered questions incorrectly in cycle 1, 64.7% (SD 17.8) and 73.4% (SD 14.3) answered the same question correctly in cycles 2 and 3, respectively.
Eighty-six percent of participants (103 of 120) completed the end-of-course survey. Students rated the ISE program to be educationally effective (mean 4.3 [SD 0.7] on a 5-point Likert-type scale, 1=not at all effective, 5=extremely effective). Eighty-five percent (102 of 120) of participants recommended the ISE program to PD2 students the following year, and 83% (100 of 120) wanted to participate themselves in a similar ISE program the following year. Each spaced-education e-mail required a mean 2.7 (SD 1.9) minutes to complete. Students indicated that the optimal number of spaced-education emails to receive each week was a mean 4.9 (SD 2.1) and that the optimal number of cycles for the ISE program was a mean 2.7 (SD 0.6).
DISCUSSION
This study demonstrates that an adjuvant ISE program can generate substantial improvements in physical examination knowledge above-and-beyond those generated by a year-long Figure 2 . CONSORT flow chart of randomized controlled trial. Students were defined as discontinuing participation if they submitted answers to <80% of spaced-education items in a cycle. Attrition was similar between cohorts.
physical examination course. In addition, ISE is very wellaccepted by students and is an effective form of remediation for those students who were unfamiliar with the material upon initial presentation. While many studies have documented the dearth of physical examination knowledge and skills among trainees, [1] [2] [3] [4] [5] ISE has the potential to remediate these deficiencies across the spectrum of medical education. Even so, our ISE program is designed as an adjuvant to traditional methods of teaching the physical examination and is not meant to replace the critical interaction between trainees and patients as the trainees develop their physical examination skills. As ISE utilizes traditional web-pages for the submission of answers and for the presentation of learning points, it should be possible to use all of the functionalities of web-pages within the ISE program to meet the training needs of care providers. For example, physician trainees learning how to auscultate the heart can be presented with ISE items which contain an audio recording of an unknown heart sound, and then, trainees can be asked to identify the murmur. The high acceptance of the ISE program by students is remarkable, especially given the high frequency at which the students received the e-mails. This finding is in stark contrast to the strong resistance we encountered when conducting a recent trial of web-based teaching modules among 693 medical residents and students. 18 In this trial focusing on systemsbased practice competency education, trainees were expected to spend 20 minutes per week over 9 weeks completing webbased teaching modules (interactive web-pages and online narrated slide presentations). Even though trainees reported that the educational content was appropriate, resistance to the program was stiff: one director of a surgical residency program had to threaten his residents with dismissal from the operating room to induce them to complete the modules! In spite of requiring a similar total amount of time by trainees, the ISE program on the physical examination was very well-accepted by students. This high acceptability also likely reflects the ease of use of the spaced-education delivery system, the immediate relevance of the content, and the importance that students attribute to learning the physical examination. At face value, ISE may appear similar to the 'programmed instruction' or 'programmed learning' techniques which grew to prominence in the 1960s and 1970s and are grounded in behaviorist psychological theory. 19 While students do work through a structured sequence of question-answer encounters, ISE is not specifically designed to condition the learner through positive or negative feedback (utilizing the terminology of the behaviorists). However, immediate feedback to the learner must clearly play a role in the learning process. Further research is needed to assess the degree to which behaviorist conditioning may be contributing to ISE's educational efficacy. There are several limitations to this study, including the fact that it was performed at a single institution and was narrowly focused on a single domain of the medical school curriculum. The limited reliability of each 36-item cycle precludes using the results from a single cycle for high-stakes evaluation of individual students. Even so, the aggregate reliability of the entire program (3 cycles × 36 items=108 items) reaches a level (α=0.86) which may be appropriate for individual assessment. Cohort cross-over was not specifically assessed but, in our previous studies, has been on the order of 1-5%. 11, 15 The levels of cross-over in the current study are likely even lower, as the ISE delivery program allows for the submission of only one answer per e-mail address. Also, it is not clear from our study which components of the ISE program contributed most significantly to students' learning; future research is needed to isolate the relative impacts of the ISE components (spacing intervals, number of cycles, etc). In addition, our outcome analysis focused on physical examination knowledge, not the higher-order outcome variable of physical examination skills. Future studies are needed to evaluate the impact of ISE on this important downstream outcome measure.
In conclusion, this randomized controlled trial demonstrates that ISE can generate substantial improvements in knowledge, is an effective form of remediation, and is very well-accepted by students. Further work is needed to assess the efficacy of ISE in other content domains and in other trainee populations.
